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Liverpool Land, at the southern tip of the Greenland Caledonides, exposes a composite metamorphic terrane: the
midcrustal granulite-facies Jaettedal Complex tectonically juxtaposed against the eclogite-facies, peridotite-bearing
Tvaerdal Complex. The Jaettedal Complex is a Laurentian terrane, whereas the Tvaerdal Complex was proposed by
earlier investigators to be a Baltic terrane. PT estimates (8807–9207C at 35–40 kbar) and Sm-Nd mineral isochrons
from Tvaerdal eclogites indicate that recrystallization occurred under ultrahigh-pressure (UHP) metamorphic con-
ditions ≈400 m.yr. ago, the same time and under similar conditions as the Western Gneiss Complex of the Norwegian
Caledonides. Detrital zircons from the Tvaerdal Complex, analyzed for U-Pb, Lu-Hf, and trace elements by laser ab-
lation inductively coupled plasma mass spectrometry, give concordant Mesoproterozoic ages but not the Archean and
≈1.8 Ga Proterozoic ages characteristic of Laurentian terranes. Most remaining concordant U-Pb ages are 411–375 Ma
(i.e., Scandian), which contrast with older (≈460–410 Ma) zircon ages from the Jaettedal Complex as well as other
Laurentian terranes. Both the Precambrian and the Scandian age sets confirm the Tvaerdal Complex as an orphaned
Baltic terrane. The Jaettedal Complex underwent a lengthy Caledonian history as part of a continental arc system during
the closure of Iapetus, whereas the Tvaerdal Complex was a fragment of the approaching Baltic passive margin. UHP
metamorphism occurred when this margin subducted into the mantle beneath Laurentia. We propose that the Tvaerdal
Complex separated from Baltica and rose through the hot mantle wedge to the base of the overriding Laurentian crust by
diapirism, a process that may explain its abundant anatectic granitoid intrusions.
Online enhancements: appendixes, supplemental tables and figures.Introduction
Liverpool Land, at the southern end of the Green-
land Caledonides (fig. 1), exposes high-grade meta-
morphic rocks, including eclogites and garnet-bearing
harzburgite/dunite/pyroxenite lenses, intruded by nu-Manuscript received October 26, 2015; accepted May 2,
2016; electronically published August 18, 2016.
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granitic igneous suite, the Hurry Inlet Plutonic Ter-
rane, occurs tectonically above and to the north of
the metamorphic rocks. The presence of eclogites
within the metamorphic terrane led Augland et al.
(2010) to call it the Liverpool Land Eclogite Terrane.
However, Johnston et al. (2010) revealed that eclo-
gites (and peridotites) are restricted to a portion of
the metamorphic terrane, which they called the0–000] q 2016 by The University of Chicago.
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000 H . K . B R U E C KN E R E T A L .Tvaerdal Complex (fig. 1). The rest of the metamor-
phic rocks of Liverpool Land, which they named the
Jaettedal Complex (Johnston et al. 2010, 2015), com-
prise a granulite-facies terrane that had an indepen-
dent history until the two terranes were juxtaposed
at roughly 400 Ma. The existence of two metamor-
phic terranes and the nature of a tectonic boundary
that separates them are still being debated, but in
the interests of consistency with our earlier publi-
cation, we continue to divide themetamorphic rocks
of Liverpool Land into the eclogite-facies Tvaerdal
Complex and the granulite-facies Jaettedal Complex.
Johnston et al. (2015) present U-Pb zircon ages and
pressure-temperature information that demonstrated
that the Jaettedal Complex is a Laurentian terrane
that underwent a prolonged Paleozoic evolution
along the eastern margin of Laurentia during theThis content downloaded from 128.10
All use subject to University of Chicago Press Termsclosure of Iapetus. Several recent studies of the ec-
logites and host gneisses of the Tvaerdal Complex
(Augland et al. 2010, 2011; Johnston et al. 2010;
Corfu and Hartz 2011) revealed that the Tvaerdal
Complex is largely composed of Middle and Late
Proterozoic igneous rocks that recrystallized under
high-pressure (HP) and possibly ultrahigh-pressure
(UHP) conditions at roughly 400Ma, coincidingwith
the Scandian orogeny of the Scandinavian Caledo-
nides on the east side of theNorthAtlantic. The sim-
ilarities of the Tvaerdal Complex with the Western
Gneiss Complex (WGC) of the Norwegian Caledo-
nides led most of the authors of these studies to pro-
pose that theTvaerdalComplexwas originally a frag-
ment of Baltica and perhaps even contiguous with
the WGC (a contrary view is presented at the end of
Corfu andHartz 2011).Figure 1. Simplified geologic map of the Liverpool Land (LL) high-pressure terrane showing the distribution of the
Tvaerdal, Jaettedal, and Hurry Inlet Plutonic Complexes. Numbers refer to localities of eclogites analyzed in this
study (see also table 1). Detrital zircons were collected at sites marked with an X. Simplified from Johnston et al. 2010.
J p Jaettedal; L p Lillefjord; T p Tvaerdal. A color version of this figure is available online.4.046.206 on August 22, 2016 10:47:21 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Journal of Geology 000AN OR PHAN ED B A L T I C T E R R AN E I N GR E EN L ANDThese conclusions raise a dilemma. If the Scan-
dian orogeny involved the subduction of Baltica
(Scandinavia) beneath Laurentia (Greenland), as is
generally believed (for recent reviews, see Andersen
et al. 1991; Brueckner and Van Roermund 2004;
Hacker et al. 2010; Gee et al. 2012; Gasser 2014),
how did the Tvaerdal Complex become part of the
Greenland Caledonides (i.e., the upper plate) in-
stead of returning alongwith theWGC as part of the
Scandinavian Caledonides (the lower plate). Alter-
natively, perhaps it was always part of Laurentia
(Hartz et al. 2005, 2007), as has been demonstrated
for the Northeast Greenland Eclogite Terrane in
northern Greenland (Gilotti and McClelland 2007).
If so, what mechanism caused the Tvaerdal Com-
plex to undergo eclogite-facies metamorphism, and
how did it pick up mantle peridotite bodies?
We present new information on the Tvaerdal
Complex and its eclogites as well as from the struc-
turally higher Hurry Inlet Plutonic Complex (HIPC).This content downloaded from 128.1
All use subject to University of Chicago Press TermEclogite minerals were analyzed for major and trace
element concentrations and dated by Sm-Nd min-
eral isochron and Ar-Ar biotite methods. The results
confirm a Scandian age for the evolution of the
eclogites and add new information on their pressure-
temperature-time (PTt) evolution. We also collected
detrital zircons, rutiles, and titanites from modern
stream and beach sediments, analyzed them for
trace elements and Hf isotopes, and dated them by
U-Pb via laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). The analytical
techniques for all studies are available in appen-
dix 1 (apps. 1–4 are available online). The data from
HIPC detrital zircons confirm earlier proposals of a
magmatic history for the HIPC between 470 and
410 Ma and are reviewed briefly in the supplemen-
tal material. The detrital zircons from the Tvaerdal
Complex reveal new information. Zircons with pre-
Scandian U-Pb ages define Proterozoic age patterns
that support, but do not prove, that the TvaerdalFigure 2. A, North wall of Tvaerdal showing abundant granitoids, characteristic of the Tvaerdal Complex. B, Eclogite
boudin showing amphibolitized margins and associated hornblend-rich pegmatite. C, Field image of a banded eclogite
with alternating clinopyroxene-rich, garnet-rich, and orthopyroxene-rich layers. D, Thin section of orthopyroxene-
bearing eclogite EH-15B.04.046.206 on August 22, 2016 10:47:21 AM
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zircons with Scandian ages document a relatively
short HP/UHP history for the Tvaerdal Complex
(411–375 Ma) that contrasts with the older and
more prolonged events recorded in the adjacent
Jaettedal Complex (460–412 Ma; Johnston et al.
2015), therebyprovidingamorecompellingargument
for a Baltic origin for the Tvaerdal Complex.Regional Setting
The Greenland Caledonides. The tectonic rela-
tionships of the Greenland Caledonides to Liver-
pool Land are well reviewed in Augland et al. (2010,
2011), Johnston et al. (2010, 2015), Johnston and
Kylander-Clark (2013), and Corfu and Hartz (2011).
The mountain system is composed of several west-
vergent nappes or thrusts, mirror images in many
ways to the east-directed thrusts of the Scandina-
vian Caledonides. The three allochthons are, from
bottom to top, the Niggli Spids, the Hagar Bjerg,
and the Franz Joseph (Henriksen 2003; Higgins et al.
2004). The foreland shield and the two lower thrust
sheets consist of Archean and Paleoproterozoic
gneisses (Kalsbeek1995;Thrane2002)overlainby the
latest Paleoproterozoic Krummedal sequence, while
the Franz Joseph allochthon consists primarily of a
thick succession of Neoproterozoic to Ordovician
sedimentary rocks known as the Eleonore Bay Su-
pergroup. Recent dating of the basal Niggli Spids
thrust sheet reveals an extensive Archean history
withmagmatic events at ≈3.6 and ≈3.0 Ga andmeta-
morphism and intrusion at ≈2.7 Ga (Johnston and
Kylander-Clark 2013). The generally accepted, seem-
ingly simple west-directed thrust history of the al-
lochthons during the Caledonian orogeny has been
modified by the recent discovery of faults that are
syn- to late-orogenic extensional detachments with
both top-to-the-east and orogen-parallel displace-
ment (Hartz et al. 2001; Jones and Strachan 2000;
Gilotti and Elvevold 2002; White and Hodges 2002;
Gilotti and McClelland 2007). About 100 km of
postorogenic basin deposits separates these alloch-
thons from theLiverpool Land crystalline complexes.
Nevertheless, detrital zircon spectra similar to those
presented here as well as similar magmatic andmeta-
morphic histories (e.g., Johnston et al. 2010, 2015;
Augland et al. 2011) suggest that correlations with
these terranes are possible, as discussed further below.
Liverpool Land Crystalline Rocks. Cheeney (1985)
divided the crystalline rocks of Liverpool Land into
a largely magmatic and a largely metamorphic com-
plex. The magmatic complex to the north is the
HIPC, which rests on top of the metamorphic south-This content downloaded from 128.10
All use subject to University of Chicago Press Termsern complex (fig. 1). The two units are separated by
the thick, north-dipping Gubbedalen shear zone.
HIPC. Earlier studies indicate that the HIPC
formed in two episodes of plutonism: a granite to
granodiorite suite between 446 and 430 Ma, fol-
lowed by a monzonitic suite between 426 and
424 Ma (Krank 1935; Hansen and Steiger 1971; Coe
1975; Hansen and Friderichsen 1987; Henriksen
2003; Corfu and Hartz 2011; Augland et al. 2012).
The thermal history of the HIPC appears to have
ended roughly by 415 Ma. Geochemical studies
from the HIPC suggest that the plutons are part of
the alkali-calcic to calc-alkaline continental arc
that developed on the eastern Laurentian margin
during the closure of Iapetus (Augland et al. 2012).
We obtained U-Pb ages and Hf isotope data by in
situ laser ablation techniques from detrital zircons
collected along the shore of Lillefjord, at the south-
ern margin of this plutonic suite, and they broadly
confirm the conclusions of the earlier studies. The
data do not add significant geochronological in-
formation to these earlier studies, but the U-Pb age
and Hf isotope pattern of the HIPC contrasts sharply
with the pattern defined by zircons from the Tva-
erdal Complex, as discussed and illustrated later in
this article. Therefore, we have placed the data,
some figures, and a short discussion in appendix 2.
The Metamorphic Complexes. The metamor-
phic complexes underlying the HIPC comprise a
relatively small area (fig. 1) but are covered by fjords
to the south and west, and it might be considerably
larger. As noted above, Johnston et al. (2010) sub-
divided it into a tectonically lower orthogneiss se-
quence (theTvaerdalComplex) separated by the Ittoq-
qortoormiit shear zone from a tectonically higher,
more heterogeneous unit containing orthogneiss but
also granulites, pelitic schists, calc-silicate rocks, and
marbles (the Jaettedal Complex). A further, very im-
portant distinction is that the Tvaerdal Complex
contains lenses of eclogite and peridotite, as well as
clinopyroxene in the gneisses, indicating metamor-
phism under high and possibly ultrahigh eclogite-facies
pressures as well as exposure of the mantle. The Jaet-
tedal Complex lacks eclogites and peridotites and
reached granulite-facies, rather than eclogite-facies,
conditions (Johnston et al. 2010, 2015). Despite these
differences, both units have an overall homogenous
reddish color when viewed from a distance caused
by abundant K-feldspar-rich synkinematic and post-
kinematic granitoid sills, dikes, and other small intru-
sions (fig. 2A).
The north-dipping, low-angle Gubbedalen shear
zone separates the metamorphic complexes from
the structurally higher HIPC. It contains pervasive4.046.206 on August 22, 2016 10:47:21 AM
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preted as a low-angle, normal-sense detachment re-
sulting from the southward displacement and exhu-
mation of themetamorphic complexes relative to the
overlying HIPC (Augland et al. 2010; Johnston et al.
2010). The base of themetamorphic complexes is not
exposed, so we cannot determine whether this exhu-
mation occurred by orogen-parallel extension or by
southward extrusion.
Johnston et al. (2010) proposed that the structur-
ally lower contact between the Jaettedal and Tvaer-
dal Complexes (fig. 1) is another tectonic boundary,
which they called the Ittoqqortoormiit shear zone.
Shear-sense indicators at the highest levels of the
Tvaerdal Complex and along its contact with the
overlying Jaettedal Complex yield top-south, top-
southwest, and symmetrical motions that predate
the top-north displacement along the Gubbedalen
shear zone. This relationship suggests that the Tvaer-
dal and Jaettedal Complexes were juxtaposed in the
lower to middle crust before their juxtaposition with
the HIPC along the Gubbedalen shear zone. This
earlier event presumably occurred as the Liverpool
Land eclogite terrane was exhumed from the upper
mantle and came into contact with the Laurentian
lower crust. The subsequent shared intrusive history
of the two complexes occurred during further ex-
humation from beneath the Hurry Inlet Arc Terrane
along the Gubbedalen shear zone.Eclogites of the Tvaerdal Complex
Cheeney (1985) was the first to publish the pres-
ence of eclogites within the Tvaerdal Complex.
They are further described in several recent pub-
lications, dissertations, and abstracts (Hartz et al.
2005; Augland 2007; Bowman 2008; Buchanan 2008;
Augland et al. 2010, 2011; Johnston et al. 2010; Corfu
and Hartz 2011). Eclogites occur in and to the west
of the Tvaerdal valley (T in fig. 1) as meter-scale
boudins (fig. 2B) and boudin trains and as portions of
decameter- to kilometer-sizedmafic lenses, locally in-
tensely folded. A detailed transect of one large mafic
body 1800 m perpendicular to its strike revealed it
to be composed largely ofwell-preserved to partially
retrogressed (i.e., pyroxene-garnet-amphibole sym-
plectites) eclogite. There are also minor (!10%) in-
tercalated layers of felsic gray gneiss composed of
quartz 1 plagioclase 1 garnet 1 biotite 5 clinopy-
roxene.We did not observe original igneousminerals
or textures with the possible exception of banding
(fig. 2C). The smallermafic boudins also display fresh
eclogite-facies minerals that are partially to com-
pletely retrogressed to amphibolite-facies assem-This content downloaded from 128.1
All use subject to University of Chicago Press Termblages, particularly along their margins (fig. 2B).
Coarse hornblende 2 plagioclase 5 garnet (relict?)
pegmatites that occur locally in boudin necks (fig. 2B)
or as isolated boudins within adjacent felsic ortho-
genisses suggest that H2O-expedited anatectic melt-
ing of the gneisses during decompression caused dis-
aggregation and partial assimilation of the eclogites
or their hydrated equivalents.
Themost common eclogite (table 1) is massive and
medium grained and contains omphacite1 garnet5
quartz, while coarser-grained,massive orthopyroxene1
clinopyroxene1 garnet5 biotite eclogite (fig. 2D) is
less common, as are banded eclogites composed of
alternating garnet-rich and clinopyroxene-rich layers
or alternating orthopyroxene-rich andorthopyroxene-
poor layers (fig. 2C). Zircon, rutile (locally altered to
ilmenite), and apatite are common accessory min-
erals, occurring within garnet and clinopyroxene and
within the matrix. Quartz inclusions are relatively
common, but only one of the many examined sam-
ples displays radial cracks that might suggest the
former presence of coesite. Garnet commonly con-
tains exsolved needles of rutile. Layered eclogites
display tight to isoclinal folds that are geometrically
similar to folds in the enclosing gneisses, suggest-
ing that the eclogites, or their protoliths, were de-
formed along with their host gneisses in the crust.
Eclogite Chemistry. Table 1 lists eclogite sample
localities, geographical coordinates, mineral modes,
and core and rim mineral compositions determined
by electron microprobe (EMP) analyses. Additional
eclogite mineral point analyses are in table S1 (ta-
bles S1–S4 are available online) aswell as inAugland
et al. (2010) and Buchanan (2008). Samples studied
in detail here include bimineralic (garnet 1 clino-
pyroxene) eclogites EH-81, initially described by
Hartz et al. (2005), and EH-25, which is part of a
larger orthopyroxene eclogite body in Tvaerdal de-
scribed and dated byU-Pb in Corfu andHartz (2011);
orthopyroxene eclogite EH-15B in Rendelv (fig. 2D);
and biotite eclogite HKB-6B from west of Tvaerdal
(see locations in fig. 1). The average garnet compo-
sition in orthopyroxene eclogite EH-15B is (Py47.3
Alm41.2Grs10.4Sp1.0), whereas garnet in bimineralic ec-
logites EH-25 and EH-81 is more pyrope rich (Py63
Alm28Grs9Sps1 and Py51Alm39Grs9Sps1, respectively).
Clinopyroxene in eclogite EH-25 is omphacite (Ac2
NaCr3Jd31CaTs2Di47Hd10En7Fs1), but in EH-15B and
EH-81 clinopyroxene is sodic augite (Ac5Jd6CaTs2Di68
Hd11En7Fs1 and Ac7Jd16CaTs2Di57Hd10En7Fs1, respec-
tively), probably due to relatively low whole-rock
sodium contents. Orthopyroxene in EH-15B is en-
statite (average Mg# of 75.9). Amphibole composi-
tions vary from pargasite in eclogite to actinolite04.046.206 on August 22, 2016 10:47:21 AM
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Journal of Geology 000AN OR PHAN ED B A L T I C T E R R AN E I N GR E EN L ANDin retrograded domains, reflecting recrystallization
over a range of pressure and temperature, decreasing
fromUHP to retrograde conditions.
Table S1 also lists scans of minerals from eclo-
gites EH-15B, EH-25, and EH-81. Figure S1 (figs. S1,
S2 are available online) displays EMP backscatter
electron images and X-ray maps for selected major
elements in orthopyroxene eclogite EH-15B and bio-
tite eclogite HKB-6B. The concentrations of most
major and trace elements do not appear to vary signif-
icantly from core to rim for most mineral grains ex-
cept for sharp increases in Al toward the rims of
orthopyroxene and, to a lesser extent, clinopyroxene
in the orthopyroxene eclogite. The EMP scans across
selected orthopyroxenes (fig. 3) in EH-15B show this
increase in aluminum content quite dramatically
(fig. 3A, 3B). Other point analyses show Al2O3 to be
as low as 0.59% in some grains and as high as 2.17%
in others (table 1). Most garnets show flat concen-
tration patterns for most elements throughout
most of the grain, with some slight variations to-
ward the rim. Bimineralic eclogite EH-81, for exam-
ple, shows a small decrease in MgO and an increase
in FeO very close to the rim (fig. 3C), whereas the
smaller grains in eclogite EH-25 (fig. 3D) shows
similar changes in the outer third of the garnet grain.
Clinopyroxenes show a decrease in CaO and MgO
accompanied by an increase in Al2O3 near the rims
in EH-81 (fig. 3C) and, to a lesser extent, EH-25
(fig. 3D). The core-to-rim compositional patterns in
eclogite do not exhibit those expected from pro-
grade metamorphism, and we suggest that recrys-
tallization at high temperatures homogenized the
phases and erased any prograde record in the sam-
ples analyzed.
Pressure-Temperature Calculations. Pressure and
temperature conditions for the Tvaerdal eclogite
suite are best constrained by orthopyroxene eclo-
gite EH-15B because the presence of orthopyroxene
allows pressure to be estimated from the Al-in-Opx
geobarometer (Nickel and Green 1985; Brey and
Köhler 1990; Brey et al. 2008), and temperature can
be estimated by both Grt-Opx Fe-Mg exchange geo-
thermometry (Harley 1984) and 2-pyroxene geother-
mometry (Brey and Köhler 1990; Taylor 1998). Ap-
plication of these geothermobarometers to the core
compositions of orthopyroxene (low Al), clinopyrox-
ene, and garnet yield UHP conditions with a peak
pressure of ~37 kbar and temperature of ~9007C
(fig. 4). In contrast, a high-Al orthopyroxene yields
a pressure of ~16 kbar and temperature of ~8007C
(fig. 4), reflecting a stage in the nearly isothermal de-
compression of the eclogite suite when intergrain el-
emental exchange effectively ceased.This content downloaded from 128.1
All use subject to University of Chicago Press TermAnother approach is to calculate amodel pressure
and temperature for orthopyroxene eclogite by ap-
plication of Theriak/Domino software (de Capitani
and Petrakis 2010), which uses the whole-rock
composition for EH-15B and calculated mineral
compositional isopleths to produce an intersection
in PT space. Calculated isopleths forMg-tschermak
in orthopyroxene (mole fraction p 0.01) and al-
mandine in garnet (mole fraction p 0.45) intersect
at 9607C at 35 kbar, which is in good agreement
with the results from conventional geothermoba-
rometry.
Additional temperature estimates for orthopyroxene-
free eclogite can be obtained by application of the
Grt-Cpx Fe-Mg exchange geothermometer, and five
calibrations of this geothermometer (Powell 1985; Ai
1994; Ganguly et al. 1996; Ravna 2000; Nakamura
2009) have been applied to two eclogite samples in-
vestigated here, EH-25 and EH-81, and an eclogite
analyzed by Augland et al. (2010). However, tem-
peratures derived from this method are sensitive to
the Fe31/Fetotal ratio in clinopyroxene, which has a
relatively large uncertainty when obtained, as is
common, from EMP analyses by stoichiometry. Ac-
cordingly, a Fe31/Fetotal ratio of 0.30, which is a com-
mon intermediate value for clinopyroxene in many
eclogites, has been assigned to clinopyroxene in the
three eclogite samples. The resulting temperatures
(at 35 kbar) are 8787C (EH-25), 8537C (EH-81), and
8827C (Augland et al. 2010), which are consistent
with the independent temperature estimates for or-
thopyroxene eclogite EH-15B (fig. 4).
Regardless of the uncertainty in Grt-Cpx temper-
atures, it appears that the Tvaerdal eclogites reached
peak temperatures of 8707–9507C at pressures of 35–
40 kbar (fig. 4), thereby justifying inclusion of the
Tvaerdal terrane among the ever-growing number of
UHP terranes recognized worldwide.
Eclogite Sm-Nd and Ar-Ar Geochronology. Table 2
lists the rare earth element (REE) concentrations of
clinopyroxenes, garnets, and a biotite from HKB-6B
as determined by LA-ICP-MS (complete trace ele-
ment concentrations are listed in table S2). REE
concentrations normalized to chondrite are plotted
in figure 5A and show the characteristic crossed pat-
terns for clinopyroxene and garnet, indicating that
these minerals are suitable for dating by the Sm-Nd
mineral isochron technique. Figure 5 present two
eclogite dates obtained at Lamont-Doherty Earth
Observatory. Biotite eclogite HKB-6B (sample local-
ity 4 in fig. 1) yields a Sm-Nd age of 399.7 5 4.1 Ma
(2j; MSWD p 1.2; fig. 5B), and orthopyroxene
eclogite EH-15B (locality 2), the eclogite used for
geothermobarometry, gives an age of 4075 7Ma (2j;04.046.206 on August 22, 2016 10:47:21 AM
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000 H . K . B R U E C KN E R E T A L .MSWDp 1.02;fig. 5C); both are consistent with the
eclogite U-Pb ages obtained by Augland et al. (2010),
Corfu and Hartz (2011), and this study (see below).
The 397.35 1.7Ma U-Pb age reported by Corfu andThis content downloaded from 128.10
All use subject to University of Chicago Press TermsHartz (2011) is from a sample from the same out-
crop as EH-15B and is slightly outside the error of
the Sm-Nd age at the 2j level. The dates obtained by
Sm-Nd are less precise than the U-Pb ages but haveFigure 3. Selected electron microprobe scans across garnet, orthopyroxene, and clinopyroxene in eclogites EH-15B
(A, B), EH-81 (C), and EH-25 (D). Note the generallyflat patterns for mostmajor oxides inmineral cores, with some garnets
showing slightly decreasing MgO and increasing FeO at their rims. In contrast, the rimward increase in Al2O3 in EH-15B
orthopyroxenes is particularly dramatic.4.046.206 on August 22, 2016 10:47:21 AM
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net in the eclogite (Griffin and Brueckner 1980).
Biotite separated from eclogite HKB-6B (also
dated by Sm-Nd) and retrograded eclogite HKB-7
were dated by the 40Ar-39Ar step-heating techniqueThis content downloaded from 128.1
All use subject to University of Chicago Press Termat the Argon Geochronology for the Earth Sciences
(AGES) laboratory at Lamont-Doherty Earth Ob-
servatory. Three individual crystals from HKB-6B
give integrated ages of 394.25 0.6, 395.35 0.5, and
411.5 5 0.5 Ma (1j; appendix 3). A single crystalFigure 4. Diagram showing pressure-temperature estimates for eclogite EH-15B and mean temperature estimates
using six Grt-Cpx Fe-Mg geothermometers for EH-15B, EH-25, EH-81 (this study), and LEA 06-61 (Augland et al.
2011). See text for references. PT estimates for the Jaettedal Complex are from Johnston et al. (2015).04.046.206 on August 22, 2016 10:47:21 AM
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Journal of Geology 000AN OR PHAN ED B A L T I C T E R R AN E I N GR E EN L ANDfromHKB-7 yielded a plateau of 401.45 0.6Ma and
an integrated age of 401.25 0.5 Ma. The similarity
of most of these Ar-Ar ages with those of the other
dating schemes is surprising since the Ar-Ar system
should have amuch lower closure temperature than
the U-Pb zircon or Sm-Nd mineral systems. The
ages could reflect extremely rapid cooling of the
Tvaerdal Complex, but it is more likely that they
reflect the presence of excess argon in the eclogites,
which resulted in spurious ages that fortuitously co-
incide with the ages give by the other systems. The
older age of one of the biotites (411.5 Ma) is consis-
tent with this hypothesis.Detrital Mineral Geochronology and Geochemistry
Wecollecteddetrital zircon, rutile, and titanite grains
from stream sediments just north of the middle lake
inTvaerdal (X infig. 1) andanalyzed thembyLA-ICP-This content downloaded from 128.1
All use subject to University of Chicago Press TermMS and multicollector LA-ICP-MS at the Geochem-
ical Analysis Unit, Macquarie University, Sydney.
The sampled stream drains the Tvaerdal Complex
exclusively, so we assume that all analyzedminerals
were derived from it, although contributions from
the Jaettedal Complex cannot be excluded entirely.
The rutile and titanite results do not provide new
information on the geochronology of the Tvaerdal
Complex, but the data,figures, and a short discussion
are available in appendix 4. The complete zircon data
set—which includes all analyzed elements; Pb/Pb,
U/Pb, and Th/Pb ratios; the ages determined from
these ratios (Pb corrected for discordant ages); and
Lu-Hf isotopic results—are available in table S3.
Table S4 shortens the data set by focusing on ages,
Hf-isotope compositions, selected trace element con-
centrations, and rock classifications using the clas-
sification and regression tree (CART) scheme of
Belousova et al. (2002). The zircon data, based onFigure 5. A, Laser ablation inductively coupled plasma mass spectrometry rare earth element (REE) clinopyroxene,
garnet, and biotite patterns from eclogite HKB-6B. Note the Eu anomaly for biotite, suggesting formation or equili-
bration in the plagioclase stability field. Ar-Ar ages were obtained from biotite separates. B,C, Sm-Ndmineral isochron
diagrams showing ages from eclogites HKB-6B and EH-15B.04.046.206 on August 22, 2016 10:47:21 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
000 H . K . B R U E C KN E R E T A L .a large number of analyses (89 analyses of 77 zir-
cons), corroborate the previous U-Pb studies by
Augland et al. (2010, 2011), Johnston et al. (2010),
and Corfu and Hartz (2011) but amplify these stud-
ies by providing a statistical basis for addressing
some of the issues raised in those studies, including
the timing of Scandian metamorphism and melting
and whether the Tvaerdal Complex originated as a
Baltic or Laurentian terrane. Cathodoluminescence
(CL) images of representative zircons are presented
in figure 6. CL images of all detrital zircons analyzed
are available infigure S2,withU-Pb dates,Hf isotope
ratios, and interpreted host rocks.
Proterozoic Age Patterns. All zircons analyzed
define two diffuse mixing lines with a Caledonian
lower intercept and upper intercepts of ≈1.63 and
≈0.95 Ga when plotted on a standard Concordia di-
agram (fig. 7A). Drawing these Pb-loss chords com-
monly involves an arbitrary subdivision of the data
that fall off Concordia. These ambiguities are par-
tially resolved on a plot of the 176Hf/177Hf ratio ver-
sus the U/Pb zircon age (fig. 7B). Zircons can yield
U-Pb ages younger than their time of initial crys-
tallization due to Pb loss during subsequent heat-
ing, but zircon Hf isotopic ratios are not likely to
change during heating as long as the zircons them-
selves do not recrystallize. Therefore, the 177Hf/176Hf
ratio is set at the time of initial zircon crystallization
and does not increase significantly through radioac-
tive decay because of the very low amount of parent,
Lu, relative to the large amount of daughter, Hf (ta-
ble S4). Three lines of constant 176Hf/177Hf ratio (solid
horizontal lines in fig. 7B) can be fitted through most
of the zircons that have low present-day 176Hf/177Hf
ratios. This procedure defines a ≈400 Ma Pb-loss
event within zircons estimated to have formed at
1.64 5 0.04, 1.28 5 0.04, and 1.06 5 0.05 Ga (ages
are highlighted by vertical dashed bands). Further
horizontal lines might be fitted through younger
zircons, but these zircons could equally well have
been zircons 11 Ga old that were partially reset
during later thermal events.
All Scandian-aged zircons but one have the nega-
tive present-day εHf values characteristic of evolved
continental crust. A sloping line (dashed line with
arrowhead) shows the possible growth trajectory of
the 177Hf/176Hf ratios of juvenile continental crust
(176Lu/177Hf ratio p 0.02) originally generated from
themantle duringmagmatism at≈1.64Ga. Thismag-
matism is assumed to start with an “average” 177Hf/
176Hf upper mantle value (i.e., halfway between de-
pleted mantle and chondrite uniform reservoir tra-
jectories). New zircons that crystallized during sub-
sequent events, either within magmas or during
metamorphism at 1.28, 1.06, and 0.4 (Scandian) Ga,This content downloaded from 128.10
All use subject to University of Chicago Press Termswould be characterized by the progressively increas-
ing 177Hf/176Hf ratio of the host rock through time.
Many of the zircons that formed after 1.64 Ga plot
along or compellingly near the plotted crustal growth
trajectory, suggesting that they crystallized from
anatecticmelts generated by remelting this ≈1.64Ga
continental crust at 1.28, 1.06, and 0.4 Ga. Zircons
that crystallized from ≈400 Ma anatectic melts of
this crust would plot near the tip of the arrow in
figure 7B. There are other subtle effects that can be
seen on the figure; for example, the cluster of ages
between 0.6 and 0.8 Ga could represent further ma-
jor crustal melting events but more likely reflect
partial Pb-loss from older zircons during Scandian
metamorphism and melting. Thus, the broad verti-
cal band at ≈400Ma represents a mixture of ancient
zircons with ages completely or nearly completely
reset during Scandian metamorphism and/or melt-
ing (lower 177Hf/176Hf ratios) and newly formed zir-
cons crystallized from magmas generated by melt-
ing the ancient crust (higher 177Hf/176Hf ratios). The
Tvaerdal zircons therefore provide compelling evi-
dence that a significant portion of the Scandian
granitoids andmigmatites formed bymelting of the
Proterozoic gneisses and are in fact anatectic gran-
itoids.
Three analyses from zircon 65, which has a
207Pb/206Pb age of 1641 Ma, give the lowest 177Hf/
176Hf ratios measured (average p 0.28161). These
ratios give Early Proterozoic/latest Archean model
ages when extrapolated toward the mantle evolu-
tion curves (fig. 7B). It represents the only possible
pre–Middle Proterozoic zircon identified to date in
the Tvaerdal Complex, in contrast with several
Jaettedal zircons that give Paleoproterozoic and Ar-
chean U-Pb ages (Johnston et al. 2010).
Trace Element Patterns: Scandian versus Proterozoic
Zircons. Table S4 lists the igneous classification of
the zircon host rock using the CART “decision
tree” of Belousova et al. (2002). Zircons that are
listed in these columns as metamorphic (“Scan-
dian Met”) or reset igneous (“Reset Ign”) grains (see
further discussion below) are not appropriate for
the application of the Belousova et al. system,
which is designed to identify igneous zircons only.
The identifications of all zircons, regardless of
whether they are igneous, reset igneous, or meta-
morphic, as well as the trace element concentra-
tions used for their classification are presented in
table S3. Only 42 of 81 zircons (and 112 analyses;
some grains were analyzed more than once) are
identified as igneous, of which 33 originated from
granitoids (high, low, and undersaturated SiO2) and
1 originated from a mafic rock, with the rest (8) giv-
ing either ambiguous identifications or different4.046.206 on August 22, 2016 10:47:21 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Journal of Geology 000AN OR PHAN ED B A L T I C T E R R AN E I N GR E EN L ANDidentifications depending onwhich part of the zircon
was analyzed. It is not surprising thatmany Tvaerdal
sequence zircons have granitoid signatures, given its
abundant granitoid intrusions.This content downloaded from 128.1
All use subject to University of Chicago Press TermThe zircon trace element patterns suggest that
many of the granitoids are low in silica, with 11
identified as containing less than 65% SiO2. Fig-
ure 8A plots Hf versus Y concentrations (after fig. 9Figure 6. Cathodoluminescence images of representative zircons classified as Scandian metamorphic grains (A–C),
reset Proterozoic igneous grains (D–F), Scandian igneous prisms (G–I), and Scandian rims (J, K). Refer to figure 10 for
rare earth element patterns from these classes. A color version of this figure is available online.04.046.206 on August 22, 2016 10:47:21 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
Figure 7. A, Concordia U-Pb plot of all zircons analyzed from the Tvaerdal Complex. The intercepts are not believed
to define meaningful ages because of the scatter of the data. B, 238U/206Pb (!1.0 Ga) and 207Pb/206Pb (11.0 Ga) age versus
176Hf/177Hf ratio diagram of Tvaerdal zircons. Vertical dashed bands represent best estimates for Proterozoic magmatic
events. The sloped dashed line with an arrow shows a possible 176Hf/177Hf ratio growth trajectory assuming 177Lu/176Hf
ratios typical of continental crust (0.02). Horizontal lines show “no-growth” trajectories of zircons formed at ≈1.64,
1.28, and 1.06 Ga. The arrow at the lower right points to the only zircon analyzed with a possible Archean origin. See
text for further details. DM p depleted mantle; CHUR p chondrite uniform reservoir.000
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Figure 8. Trace element patterns of Tvaerdal zircons. A, All analyses on a Hf versus Y diagram. Filled symbols are
zircons believed to have had an igneous origin. Most Precambrian zircons (diamonds) are near or above the quartz
present/absent curve, whereas Scandian zircons (circles) are generally quartz-free (based on the Hf/Y ratio). B, All
analyses on a LuN/DyN versus (Eu=EuN) diagram. Note that relatively flat heavy rare earth element slopes (LuN/DyN ! 4)
are restricted to Scandian-aged zircons, suggesting the involvement of garnet during formation. Strong negative Eu
anomalies are restricted to Proterozoic zircons. Many Scandian zircons have weaker anomalies (10.5), and three with
very weak Eu anomalies may have been derived from eclogite or garnet pyroxenite.000
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000 H . K . B R U E C KN E R E T A L .of Belousova et al. 2002) of all zircons analyzed,
and it can be seen that most analyses that plot well
to the left of the boundary between quartz absent
(2Quartz) and quartz present (1Quartz) give Scan-
dian ages (shown as circles), while those that plot
along or only slightly to the left of the boundary
give Precambrian ages (diamonds). Many or most of
the Proterozoic zircons from the Tvaerdal sequence
were probably derived from granitoid plutons, so
their CART identifications are probably broadly
correct. However, the Scandian zircons from the
Tvaerdal sequence are from metamorphic rocks
or melts generated by melting these metamorphic
rocks, so it is likely that many of these zircons
formed in the presence of garnet. Figure 8B illus-This content downloaded from 128.10
All use subject to University of Chicago Press Termstrates this likely presence of garnet (suggested by
shallow Lu/Dy ratios) and absence of plagioclase
(suggested by weak Eu anomalies) in the host rocks
that generated Scandian melts or were recrystal-
lized during Scandian metamorphism (circles). The
presence of garnet complicates the usefulness of
the zircon CART decision tree since garnet com-
petes with zircon for many of the elements used in
the binary switches when keying down the deci-
sion tree ladder (i.e., heavy REEs [HREEs]).
Caledonian Zircon Ages from the Tvaerdal Complex.
Thirty nine of 81 zircon analyses yielded 206Pb/238U
ages that range between 500 and 357 Ma (table S4,
fig. 9A) and are considered “Caledonian” sensu lato.
The remaining Late Proterozoic and early PaleozoicFigure 9. A, Concordia plot of zirconU-Pb “Caledonian” ages from theTvaerdal Complex. Note thatmost ages 1410Ma
are largely discordant. B, Age distribution histogram showing a double peak. The older age is interpreted to date peak high-
pressure/ultrahigh-pressure metamorphism; the younger age dates anatectic melting. C, Chondrite-normalized rare earth
element (REE) patterns for zircons classified as metamorphic (solid lines) and reset Proterozoic igneous (dashed lines).
D, Chondrite-normalize REE patterns for zircons classified as Scandian igneous (dotted lines) and Scandian rims (dashed
lines). Both diagrams divide ages into 1400 Ma, 390–400 Ma, and !390 Ma.4.046.206 on August 22, 2016 10:47:21 AM
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ages, the result of partial reequilibration and Pb loss.
The rejection of three anomalously old ages of 468,
474, and 498 Ma (discussed further below) and one
anomalously young age (357Ma, zircon 53) from the
Tvaerdal Complex leaves a remaining age range
from 423 to 374Ma and an age distributionwith two
overlapping peaks (fig. 9B), one at 407.3 5 2.6 Ma
and another at 3845 3.2 Ma (both 2j). The younger
≈384 Ma age agrees well with thermal ionization
MS zircon dates from late to postkinematic granit-
oids by Corfu and Hartz (2011) and Augland et al.
(2010, 2011) but is younger than a 394.5113/28.4Ma
age for a zircon rim from a crosscutting granitic dike
within the Jaettedal Complex (Johnston et al. 2010).
The older ≈407 Ma age agrees well with our Sm-
Nd mineral isochrons (fig. 5) and three TuffZirc ages
by Johnston et al. (2010) from zircon rims taken
fromTvaerdal gneisses andmigmatites. Johnstonet al.
(2010) interpret these older ages as dating earliermeta-
morphism.However, theyaresignificantlyolder than
very precise and consistent zircon ages (397.3 5 1.7,
398.8 5 1.3, and 398.7 5 0.9 Ma [2j] from three
different eclogites; Corfu and Hartz 2011), although
they are within the error of the 399.5 5 0.9 Ma
eclogite age determined by Augland et al. (2010).
Thus, there is some uncertainty on the timing UHP
and subsequent HP metamorphism and anatectic
melting.
Simple, consistent relationships between zircon
geochemistry (CART designations, Eu anomalies,
HREE slopes, Th/U ratios, 176Hf/177Hf ratios, etc.) and
Scandian ages were not generally observed. How-
ever, zircons could be grouped into four broad classes
based on morphology, CL characteristics, and, to a
lesser extent, REE patterns, and three of these groups
give interpretable age patterns, although alwayswith
some exceptions. Examples of each class are shown
in figure 6, and the classification of all dated zircons
is available in figure S2.
“Metamorphic” zircons have amoeboid, oblate, ir-
regular, or only weakly prismatic morphology and
gave CL images that are either homogenous (fig. 6A–
6C) or show fuzzy, indistinct zoning. Six of seven
have flat HREE patterns, and most lack strong Eu
anomalies (fig. 9C). Six zircons give concordant ages
between 410 and 400Ma,with an “older” average age
of 403.8 5 3.6 Ma (1j). Zircon 20 gives a younger
age of 398 Ma but is discordant (15%).
“Reset” zircons (fig. 6D–6F) comprise the least re-
liable category because of their variable morphol-
ogies, CL images, REE patterns, and Eu anomalies
(table S4). They are presumed to be Proterozoic zir-
cons that had their U-Pb isotopic system reset to
varying degrees during Scandian metamorphism.This content downloaded from 128.1
All use subject to University of Chicago Press TermThey are identified by subhedral to euhedral and/
or prismatic shapes with obscured igneous CL pat-
terns (oscillatory zoning, sector zoning, etc.), and
many of the obtained dates are from cores sur-
rounded by thin to thick homogenous rims. Many
have steeply sloping HREE patterns and strong neg-
ative Eu anomalies (fig. 9C), supporting their igne-
ous origin, but others have flat, low HREE patterns,
suggesting the possible presence of garnet during
zircon growth or crystallization. The nine “reset”
zircons (fig. 9C) define a long span of 419–384 Ma,
as would be expected if some did not homogenize
completely during Scandian thermal events.
“Scandian igneous” zircons are euhdral or pris-
matic but show distinct, clean igneous CL zon-
ing patters (oscillatory zoning, sector zoning, etc.);
lack metamorphic rims; and lack Proterozoic cores
(fig. 6G–6I). All but one is identified as granitoid
(table S4) on the basis of the decisions trees of
Belousova et al. (2002). Surprisingly, given the abun-
dance of granitoids within the Tvaerdal Complex,
there appear to be only six newly formed Scandian
igneous zircons (accepting two with discordance
115%), which give 238U/206Pb ages between 397 and
357 Ma (fig. 9D) and a narrower range (397–374 Ma)
if the 357Ma age is deleted (henceforth, the 357 Ma
age of zircon 53 is considered anomalous).
“Rim” zircons (fig. 6J, 6K) were grouped into a
separate class because homogenous rims are easy
to identify regardless of an igneous or metamorphic
origin. Like the Scandian igneous zircons, four of five
give younger concordant ages (!400 Ma; fig. 9D).
Most give granitic CART signatures. Zircon 41B,
with the older concordant age of 408 Ma, has an ig-
neous REE pattern and a thick rim with a euhedral
outline (fig. S2), suggesting relatively early melting
(see below). The rest of the zircons presumably grew
during retrogression into the amphibolite facies, per-
haps expedited by the introduction of water during
decompression andpossibly,withinmelts, during the
formation of anatectic granitoids (Kohn et al. 2015).
There is a tendency toward lower Th/U ratios with
decreasing age (fig. 9A), consistent with the intro-
duction of water.Discussion
Scandian Paragenesis of the Tvaerdal Complex.
There are two ways of interpreting the ages of the
39 Scandian zircon analyses dated in this study.
One is to accept most of the relatively consistent
ages determined from three of the four classes de-
scribed above. Metamorphic zircons define older
concordant 238U/206Pb ages between 410 and 400Ma
and are consistent with U-Pb and Sm-Nd ages de-04.046.206 on August 22, 2016 10:47:21 AM
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000 H . K . B R U E C KN E R E T A L .termined from eclogites. Four (of five) concordant
rim ages are younger, between 391 and 384 Ma, con-
sistent with continued zircon growth during retro-
grade metamorphism. These ages in turn overlap
238U-206Pb dates from zircons believed derived from a
Scandian granitoid (389–375 Ma). Reset Proterozoic
igneous zircons give the least reliable ages, as would
be expected if reequilibration did not result in com-
plete isotopic homogenization, which would explain
their wide age range (419–384 Ma) and some of the
oldest dates (419 and 418Ma). Ignoring these zircons
suggests thatUHPmetamorphismoccurred between
411 and 398 Ma and that continued metamorphism
under decreasing PT conditions occurred between
398 and 384 Ma, accompanied and followed by ana-
tectic melting that produced granitoids between 389
and 375 Ma. Apparent exceptions to this sequence
could be explained away by the relatively large errors
for most ages determined by LA-ICP-MS. For exam-
ple, the 408 5 12 Ma date for the zircon rim with
an igneous morphology (sample 41B) overlaps with
396 Ma at the 2j level.
The alternate approach rejects the exclusion or
special pleading of ages that appear to violate the
above age patterns, implying there was consider-
able temporal overlap in the formation of zircons
that formed by metamorphic recrystallization, crys-
tallization out of granitoid melts, or thermal reequil-
ibration. A similar situation exists in the WGC of
Norway, where zircons U/Pb ages from undeformed
plagioclase-bearing dikes overlap the entire range of
agesobtainedfromzirconswithineclogites(Kylander-
Clark and Hacker 2014). This approach implies that
igneous zircons could have formed from melts as
early as 408 Ma at the same time as new zircons
formed by UHP metamorphic recrystallization and,
similarly, that metamorphic zircons continued to
form or reequilibrate or form rims as recently as
384 Ma, even as melting and migmatization formed
new igneous zircons (Kohn et al. 2015). Given the
lack of any objective mechanism for resolving the
two end member interpretations, we propose that
the age sequence suggested in the first interpreta-
tion is essentially correct but also that metamor-
phism and igneous activity broadly overlapped.
Tvaerdal Proterozoic Age Patterns: Baltic or Lau-
rentian?. Johnston et al. (2015) document a Lauren-
tian affinity for the Jaettedal Complex by matching
its Caledonian age patterns with those of the HIPC
and other Laurentian complexes, such asMilne Land
and Renland (Kalsbeek et al. 2008; Rehnström 2010).
This match confirms earlier suggestions (Johnston
et al. 2010) that the Proterozoic age patterns of the
Jaettedal Complex are also similar to ages from Lau-
rentian complexes such as theKrummedal sequenceThis content downloaded from 128.10
All use subject to University of Chicago Press Termsand the Hagar Bjerg thrust sheet (Rex and Gledhill
1981; Higgens et al. 2004). The next question con-
cerns the genesis of the Tvaerdal Complex: Lauren-
tia or Baltica? Johnston et al. (2010) and Augland
et al. (2011) determined Mesoproterozoic U-Pb ages
of 1.65–1.67 from Tvaerdal zircons that are highly
suggestive of a Baltic origin, but some Laurentian
terranes have similar or nearly similar ages. Now
there are many more U-Pb zircon ages available
from both Laurentia and Baltica. Figure 10 contrasts
the cumulative distribution curves of Proterozoic
zircon ages from the Tvaerdal Complex (fig. 10A,
data from this study) with representative U-Pb ages
from zircon-rich terranes and basins in southern
Baltica (fig. 10B, 10C) and Laurentia (fig. 10D, E, F).
The Tvaerdal zircon probability plot shows a very
strong peak at ≈400 Ma, which is surprisingly weak
in the WGC (fig. 10C). The shaded dashed vertical
bands represent the best-estimate ages of Protero-
zoic thermal events, as inferred with the help of
Hf isotopes (i.e., ≈1.64, 1.28, and 1.06 Ga; see “Pro-
terozoic Age Patterns”). It can be seen that the 1.64
band iswithin error of the slightly older peak defined
by zircons from Norwegian Siluro-Devonian basins
(fig. 10B) and lines up very well with the very pro-
nounced 1.6 Ga (Gothian orogeny) peak in theWGC
of Norway (fig. 10C), but it is also close to peaks
fromtheKrummedal sequence, theMoine sequence,
and Greenland Devonian basins (fig. 10D–10F). The
1.28 Ga band does not line up with any strong peak
from either Baltic terrane, but neither does it does
line upwith themany broad peaks defined by zircon
ages fromGreenland and Scotland basins. Similarly,
the 1.05 Ga peak is within error of peaks from the
WGCand Siluro-Devonian basins of Baltica, but it is
also within error of a strong peak from the Moine
sequences of Scotland and a minor peak from the
Krummedal sequence of Greenland, both of which
are Laurentian (fig. 10E, 10F). Some of these mis-
matches are almost certainly due to significant non-
zero Pb loss from Tvaerdal zircons as a result of in-
tense Scandian reheating.
Nevertheless, there are telling differences be-
tween Baltic and Laurentian ages. The Moine and
Krummedal sequence zircons and zircons from
other Greenland basins have several peaks in the
Archean and Paleoproterozoic and, in particular ex-
cept for the Moine sequence, a very strong Meso-
proterozoic peak at 1.94–1.95 Ga (thick vertical
dashed line). These older ages are absent from Baltic
crystalline terranes except in northern Scandina-
via (Corfu et al. 2014). Ages older than 1.65 Ga are
largely absent in Scandinavia south of ≈657N (Grim-
mer et al. 2015). The exceptions are Archean and
Early Proterozoic zircons from phyllites beneath4.046.206 on August 22, 2016 10:47:21 AM
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Figure 10. Histograms showing distribution patterns of U-Pb ages of detrital zircons from the Tvaerdal Complex (A)
and from representative Baltic (B, C) and Laurentian (D–F) terranes. Vertical gray bands represent best estimates of
Proterozoic magmatic events based on Hf isotope ratios shown in figure 7B. Vertical dashed lines show the charac-
teristic 1.74 Ga peak of Laurentian terranes, which is entirely missing in Baltic terranes and the Tvaerdal Complex.
Sources are this study (A); Pedersen (2011), Templeton (2015), and I. E. Pedersen and J. A. Templeton, unpublished data
(B); Beyer et al. (2012) and Røhr et al. (2013; C); Cawood et al. (2007; D, E); and Slama et al. (2011; F).This content downloaded from 128.104.046.206 on August 22, 2016 10:47:21 AM
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000 H . K . B R U E C KN E R E T A L .south Norway allochthons, but these zircons are ac-
companied by 0.47–0.8 Ga zircons, which led Slama
and Pedersen (2015) to propose derivation from the
Archean Timanian orogen in northernmost Scandi-
anvia and Russia. There are also some scattered Ar-
chean ages from detrital zircons in a river draining
the Almklovdalen peridotite in the WGC, but these
zircons probably are derived from the peridotite
rather than the enclosing gneisses (Beyer et al. 2012).
Finally, Archean zircons occur in sediments of the
Hornelen Basin (39 of 1759 analyses) as well as other
Devonian and Silurian (Ringerike) basins (Pedersen
2011; Templeton 2015). These zircons may have
been sourced in the far north as well, but they also
are interpreted as sourced from WGC peridotites
(Templeton 2015). In all of these cases, the zircons do
not necessarily date crustal events in southern Bal-
tica. None of the zircons from the Tvaerdal Complex
gives a Paleoproterozoic orArcheanU-Pb age, in clear
contrast to the Jaettedal Complex, where these ages
are present (Johnston et al. 2010, 2015). This lack of
Archean and earliest Proterozoic zircons within the
Tvaerdal Complex strengthens arguments for its
Baltic origin, probably from south of 657N (present
coordinates).
It should be noted that the pronounced peaks
shown in figure 10 do not match up even where they
are from adjacent terranes. For example, the Sveco-
norwegian (≈1 Ga) peaks from theWGC (fig. 10C) do
not match with most of the peaks from Sveconor-
wegian basins (fig. 10B) immediately to the south
of the WGC. Southern Norway is characterized by
several assembled Proterozoic terranes (Bamble, Tel-
emark, etc.) of different ages (Bingen et al. 2008), and
theWGCmayhavebeen equally heterogeneous prior
to the Caledonian orogeny. The southern part of the
WGC is dominated by Sveconorwegian protolith
ages, whereas the northern part is largely Gothian
(Brueckner 1979;Tucker et al. 1992;Røhr et al. 2013),
attesting to this heterogeneity. So the lack of an exact
match of Proterozoic peaks between the WGC and
the Tvaerdal Complex should not rule out Baltica,
particularly southern Baltica (south of 657N), as the
source of the Tvaerdal Complex.
Paleozoic Age Patterns: Baltic or Laurentian?. More
compelling evidence for a Baltic provenance is pro-
vided by the differences in Paleozoic ages from the
Tvaerdal and Jaettedal Complexes (fig. 11). The orig-
inal division of the metamorphic rocks of Liverpool
Land into these two complexes was based on differ-
ences in lithology, metamorphic grade, and the pres-
ence of eclogite and mantle-wedge peridotite in the
Tvaerdal Complex and their absence in the Jaettedal
Complex (Johnston et al. 2010). Geochronology con-This content downloaded from 128.10
All use subject to University of Chicago Press Termsfirms this subdivision. Johnston et al. (2010, 2015)
document a long Caledonian (sensu lato) but pre-
Scandian history at high PT for the Jaettedal Com-
plex. This history includes mafic intrusions between
460 and 450 Ma followed by upper amphibolite
through granulite-facies metamorphism and mig-
matization from 440 to 410 Ma. Arguably, the ap-
parent age gap between 450 and 440 Ma may not be
statistically significant, in which case the prolonged
evolution of the Jaettedal Complex (460–410 Ma,
shown as an age distribution diagram in figure 11A)
matches well with the equally long age span of mag-
matism responsible for the HIPC (475–415 Ma,
shown as circles in fig. 11A; data in appendix 4). This
match is consistent with the Jaettedal Complex as a
Laurentian terrane from the Middle Ordovician to
the Early Devonian, probably as the basement to the
HIPC during the closure of Iapetus.
Most of the ages from the Tvaerdal Complex
(fig. 11B) are younger than those from the Jaettedal
Complex. Only 9 of 39 Paleozoic ages from the
Tvaerdal sequence fall into the Jaettedal age inter-
val (fig. 11A), and all but four of these ages are
discordant (115%). Three of the concordant ages
(419 5 10, 418 5 10, and 411 5 10 Ma [2j] for zir-
cons 07, 32B, and 74, respectively) are within er-
ror of the youngest age from the Jaettedal Complex
(412 5 5 Ma; Johnston et al. 2015), but given their
errors they could equally well be younger (409,
408, and 401 Ma), and the Jaettedal zircon could be
older (417 Ma). A second analysis of zircon 32B
(i.e., 32A), for example, gives an age of 4025 10Ma.
Significantly, only one concordant age (zircon 34,
238U/206Pb age p 467 5 14 Ma) is within error of
the beginning of the Jaettedal age span. All four of
the Tvaerdal zircons within the 460–410 Ma in-
terval are interpreted as reset Proterozoic zircons. If
so, it could be argued that they were not completely
reset during Scandian metamorphism. Therefore,
while it is impossible to rule out a temporal overlap
between the end of metamorphism and melting in
the Jaettedal Complex and the beginning of HP/
UHP metamorphism in the Tvaerdal Complex, the
lack, with one exception, of concordant ages from
Tvaerdal zircons within the older range of ages from
the Jaettedal Complex (i.e., 460–420 Ma) is consid-
ered significant.
The data thus suggest two different evolutions for
the two complexes at different pressures, temper-
atures, and time intervals. The narrow preferred age
span for Tvaerdal Complex metamorphism and igne-
ous activity (411–375Ma) is closer to the interval de-
fined by ages from eclogites and gneisses of theWGC
of the Scandinavian Caledonides (≈425–385 Ma;4.046.206 on August 22, 2016 10:47:21 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Figure 11. U-Pb age versus Hf isotope diagram contrasting different age patterns of the Hurry Inlet Plutonic Suite
(HIPC; A) and the Tvaerdal Complex (B). Vertical black bars in A are from granitoids from Milne Land and Renland
(Rehnström 2010). The ages from the HIPC are identical to those of the Jaettedal Complex (shown as a cumulative his-
togram) and are different from those of the Tvaerdal Complex. Hf isotopes were not measured from the Jaettedal
Complex, precluding a more direct comparison. CHUR p chondrite uniform reservoir.This content downloaded from 128.104.046.206 on August 22, 2016 10:47:21 AM
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et al. 2013), especially if some of the older (410–
420Ma) ages fromTvaerdal zircons are valid. The age
spans differ only in the younger ages (389–375 Ma)
for zircons from anatectic granitoid of the Tvaerdal
Complex, and even here theremay be amatch based
on recent young (down to 385 Ma) U-Pb zircon ages
from small, igneous intrusions in thewestern part of
the WGC (Gordon et al. 2013). The paucity of con-
cordant ages 1420 Ma from the Tvaerdal Complex
therefore argues strongly for a Baltic origin for this
complex since it indicates a lack of activity until
Scandian collision, as would be expected for a Bal-
tic passivemargin approaching an active Laurentian
margin.
The similarities in age patterns between theWGC
and the Tvaerdal Complex would suggest that they
were contiguous prior to Scandian collision, as noted
by Augland et al. (2011) and Johnston et al. (2010).
Most recent paleomagnetic reconstructions of Scan-
dian collisions place Liverpool Landwell north of the
WGC (Torsvik et al. 2012; Corfu et al. 2014) roughly
400 m.yr. ago, seemingly contradicting the chrono-
logical evidence presented herein. One of us (E. H.
Hartz) regards this contradiction as an important ob-
jection to the conclusion shared by the rest of us that
the Tvaerdal Complex originated from Baltica.
Terrane Transfer Models. The mechanism that
transferred the Tvaerdal Complex from Baltica to
the base of Laurentia is the subject of several recent
publications. Johnston et al. (2010) reviews several
underplating models where either the mantle wedge
above subducted continental crust is somehow re-
moved, as would be the case for regionally large ter-
ranes, or the subducted crust rises through the man-
tle wedge, which would work only for regionally
smaller terranes. Augland et al. (2011, their fig. 5)
propose a completely different model where a slice
of Baltica is detached along faults from the upper
part of Baltica near the end of its exhumation from
the mantle and becomes attached to the base of the
Laurentian crust. The Ittoqqortoormiit shear zone
described by Johnston et al. (2010) separates the
Laurentian Jaettedal Complex from the Baltic Tvaer-
dal Complex and would seem to fit this model. But-
ler et al. (2011) models the “Liverpool Land Eclogite
Terrane” (i.e., the Tvaerdal Complex) as a rising buoy-
ant plug that, instead of returning to the “prowedge”
(Baltica), turns in the opposite direction and thrusts
over the “retrowedge” (Laurentia). The latter case
wouldhaveoccurred if theLaurentiancrust formeda
weak backstop, as probablywas the case since it was
preheated during the subduction of Iapetus. Again,
the Ittoqqortoormiit shear zone could have been a
suture that juxtaposed the two terranes except thatThis content downloaded from 128.10
All use subject to University of Chicago Press Termsmapping shows theTvaerdal Complex to be beneath
the Jaettedal Complex (Johnston et al. 2010, 2015)
instead of on top, as required by themodel.
We present another hypothesis, namely, that the
Tvaerdal Complex rose through the mantle wedge
and underplated Laurentia as a crustal diapir (Yin
et al. 2007). This hypothesis is based the presence
of abundant red, K-feldspar-bearing granitoid dikes
within the Tvaerdal Complex (fig. 2A). It would
also explain the intense peak at ≈400 Ma defined
by U-Pb zircon ages from the Tvaerdal Complex,
which contrasts with the very weak 400 Ma peak
defined by zircons from theWGC (compare fig. 10A
and fig. 10C). The high 177Hf/176Hf ratios of many
zircons presumably derived from these granitoids
are consistent with formation by anatectic melting
of the host Proterozoic gneisses and field observa-
tions that show a gradation from banded gneisses to
nebulitic and stromatic migmatites to strongly de-
formed granitoids and finally to undeformed dikes
that crosscut all Scandian structures, including the
Gubbedalen shear zone. In contrast, the WGC was
believed until recently to have undergone limited,
if any, melting during the Scandian orogeny. Un-
deformed granitoids are abundant in the WGC, but
geochronology shows that most of them are Prote-
rozoic in age (Brueckner 1979; Tucker et al. 1992;
Røhr et al. 2013; Kylander-Clark and Hacker 2014)
but escaped Scandian recrystallization (aka “Cale-
donization”). However, recent publications show
that Scandian granitoids do exist (i.e., Labrousse
et al. 2004; Krogh et al. 2011; Gordon et al. 2013;
Kylander-Clark and Hacker 2014; DesOrmeau et al.
2015) as leucosomes, interboudin melts, and cross-
cutting pegmatites. At present, these intrusions ap-
pear to be limited in extent and occur only in the
most deeply subducted portion of the WGC.
The exhumation of a HP/UHP terrane is usually
modeled as a coherent return toward the surface
along the same route taken during subduction ei-
ther through “eduction” or “extrusion” (Brueckner
and Cuthbert 2013; fig. 1). This return allows the
HP/UHP terrane to return to the surface without
having to move through the hot core of the over-
lying mantle wedge. Heating from outside during
exhumation is thereforeunlikely, andmelting should
be limited if it occurs at all. An exception to limited
melting could occur in a thick terrane such as the
WGC (130 km), which would undergo limited con-
ductive heat loss to the cooler adjacent mantle be-
cause of its great thickness (see thermal modeling
by Root et al. 2005; see also Hacker 2007). And in-
deed most exhumation calculations for the WGC
indicate that it did not cool significantly from its
maximum PT conditions of 3.5 GPa and 8007C until4.046.206 on August 22, 2016 10:47:21 AM
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Carswell et al. 2003; Labrousse et al. 2004;Root 2005;
Hacker 2007), which would explain the existence of
Scandian melts in its most deeply subducted por-
tion. However, a thin (10–30 km) terrane thatmoves
back up the subduction channel should do the op-
posite and “freeze” to temperatures !7007C by the
diffusion of heat into the cooler mantle before ex-
humation to a depth as shallow as 30 km (Root et al.
2005). Thus, a thick HP/UHP terrane should melt
to at least some extent during exhumation up the
subduction channel, whereas a thin terrane should
not.
The areal extent and thickness of the Tvaerdal
Complex (present surface exposure, !700 km2) is
unknown since its lower contact is covered by fjords
(fig. 1). If it is considerably larger and thicker than
suggested by present exposure, the terrane transfer
models presented by Augland et al. (2011) and Butler
et al. (2011) might be adequate to explain the pres-
ence of abundant granitoids within it. But if it is as
small as present exposure suggests, a different model
is required to explain how it would retain heat or
even gain enough heat to cause it to melt so perva-
sively. The relaminationmodels proposed byHacker
et al. (2011) and Hacker and Gerya (2013) and mod-
eled by Sizova et al. (2012; particularly model IV,
fig. 13)might be appropriate. Theymodel a transman-
tle diapir composed of lower-plate crustal material
that moves upward through the mantle wedge to the
base of the crust of the upper plate. The combination
of small terrane size and a journey through the hot
core of the Laurentian mantle wedge would have al-
lowed the TvaerdalComplex tomaintainmuch of its
initial high temperature so that decompressionmelt-
ing became more likely, particularly when H2O was
added late during its retrograde (amphibolite-facies)
history. Thermobarometric estimates from this study
suggest that cooling was limited during early exhu-
mation with a relatively small decrease in tempera-
ture (≈907C) during a relatively large decrease in
pressure (≈21 kbar). Precise titanite and rutile U-Pb
ages from theTvaerdal Complex are between 388 and
380 Ma (Augland et al. 2011; Corfu and Hartz 2011),
indicating that temperatures within the Tvaerdal
Complex had dropped to only 7007–6507C (the block-
ing temperatures of titanite and rutile in the WGC;
Kylander-Clark et al. 2008) between 410–398Ma and
388–380 Ma, a range of 10 to 30 m.yr. Thus, a large
part of the temperature history during exhumation
is between ≈900 and ≈6757C (average values), well
within the range of anatectic decompression melt-
ing of granitoid gneisses in the presence of H2O. The
validity of our proposed model rests on a small ter-
rane size for the Tvaerdal Complex. Future seismo-This content downloaded from 128.1
All use subject to University of Chicago Press Termlogical and gravitational studies may resolve the size
issue.Conclusions
A geochronological and thermobarometric study of
eclogites from the Tvaerdal Complex of Liverpool
Land, southern Greenland Caledonides, indicates
that the complex underwent UHP metamorphism
(8707–9507C at pressures of 35–40 kbar) during, be-
fore, and after≈400Ma, essentially the same time and
under the same peak conditions that HP/UHP meta-
morphism occurred in the WGC of the Norwegian
Caledonides. A largely morphological division of
Scandian detrital zircons of the Tvaerdal Complex
into metamorphic grains, metamorphic and/or igne-
ous rims, Scandian igneous prisms, and reset Prote-
rozoic igneous zircons suggest that UHP metamor-
phism of the Tvaerdal Complex of the Liverpool Land
Eclogite Terrane occurred between 411 and 398 Ma,
with some ages suggesting a possible, but less likely,
earlier beginning between 410 and 420 Ma. Meta-
morphismcontinuedunder decreasingPT conditions,
between 398 and 384Ma, overlapped and followed by
a period of anatectic melting that produced gran-
itoids between 389 and 375 Ma. Exceptions to these
ages for some zircons suggest considerable overlap
in the timing of metamorphism and melting.
The protolith hosts for many Tvaerdal zircons
were ≈1.64, 1.28, and 1.06 Ga Proterozoic granit-
oids, but it is difficult to decide on the basis of
these dates whether these granitoids were part of
Baltica, generated during the Gothian and Sveco-
norwegian orogenies, or Laurentia, generated dur-
ing the Labradoran and Grenville orogenies. How-
ever, none of the analyzed zircons from the Tvaerdal
Complex, including those described in the litera-
ture, give the Archean and 1.75 Proterozoic ages
that characterize many Laurentian terranes. In ad-
dition, the ages provide little evidence for magmatic
or metamorphic events between 470 and 410 m.yr.,
when the eastern margin of Laurentia was the site of
an active continental arc complex. In contrast, the
adjacent Jaettedal Complex contains abundant evi-
dence of high-temperature thermal activity during
this interval (Johnston et al. 2015). This discrepancy
is consistent with the Tvaerdal Complex originally
comprising the western edge of the Baltica passive
margin, while the Jaettedal Complex was part of
the active eastern margin of Laurentia.
Available data suggest that the Tvaerdal Com-
plex and the WGC had similar mantle residence
times and were exhumed and cooled at comparable
rates, but their apparent different sizes and differ-
ent degrees of melting require different exhumation04.046.206 on August 22, 2016 10:47:21 AM
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000 H . K . B R U E C KN E R E T A L .mechanisms. We suggest that the Tvaerdal Com-
plex, if it is as small as suggested by present expo-
sure, passed diapirically through the hot mantle
wedge andunderplated Laurentia,whereas themuch
thicker and more extensive WGC (170,000 km2;
Hacker 2007) returned and thrust over Baltica
along a cooler trajectory by reversing its subduc-
tion path through either eduction or forceful in-
trusion. The large size of the WGC enabled it to
retainmuch of its heat during exhumation, whereas
the possibly much smaller Tvaerdal Complex re-
tained or possibly gained heat by passing through
the hotter mantle wedge environment. This jour-
ney may explain the high degree of migmatization
and anatectic melting that appears to characterize
the Tvaerdal Complex (as well as the large num-
ber of zircons that give Scandian ages). This study
strengthens arguments by Augland et al. (2010,
2011) and Johnston et al. (2010, 2015) that it is an
orphaned Baltic terrane that detached from the
subducted Baltic crust and embedded itself into
the lower crust of the Greenland Caledonides. It
is worth noting that, more or less simultaneously,
part of the overriding plate (Laurentia) was de-
tached and left behind as the uppermost allochthon
of the Scandinavian Caledonides (Agyei-Dwarko
et al. 2012). Each plate left part of itself on opposite
sides of the Atlantic.This content downloaded from 128.10
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